Recent results on development and characterization of WGM spherical microcavities integrated with organic dye molecules in a J-aggregate state are presented. The microcavities are studied using micro-photoluminescence spectroscopy, and fluorescence lifetime imaging confocal microscopy. Directional emission of light from the microcavity is also experimentally demonstrated and attributed to the photonic jets generated in the microsphere. Keywords: Whispering Gallery Modes, microcavities, J-aggregates, photonic jets, FLIM.
INTRODUCTION
Efficient coupling of the electronic transitions in organic or inorganic nanostructures to the photon modes of a microresonators is one of the main challenges in microcavity optics. Dielectric microspheres can act as threedimensional microcavities providing high Q-factors and a small mode volume which both lead to a strong optical feedback within the cavity [1] . The optical resonances of these cavities, also called Whispering Gallery Modes (WGMs) are caused by total internal reflection of light at the surface inside the sphere. WGMs resonators offer great promise for the investigation of the fundamentals of light-matter interaction [2] and also in the development of wide range of applications such as low-threshold laser sources [3] , dynamical filtering devices [4] and sensors [5] .
Because of the enhanced photostability vast majority of solid state WGMs studies have been done using an inorganic light-emitters integrated with glass or polymer microspheres [2] . From the other hand, one of the advantages of organic materials is a simple solution processing that permits some fabrication methods that are often impossible with an inorganic compounds. Among other organic materials, J-aggregates (or Scheibeaggregates) of an organic dyes are of significant interest for the development of advanced photonic technologies thanks to their outstanding optical properties. Owing their ability to delocalize and migrate excitonic energy over a large number of an aggregated dye molecules, J-aggregates show the narrowest absorption and luminescence bands (J-bands) among the organic materials, large value of the oscillator strength, drastic increase in spontaneous radiative emission rate with respect to monomer emission and giant third-order nonlinear susceptibility [6] .
Especially attractive for the development of the novel functional optoelectronic materials is the assembly of J-aggregates in two-dimensional ultrathin films where external irradiation can lead to the formation of an exciton which is capable of spreading in all directions in this monolayer at a high speed, coherently and with extremely low energy loss [6] . Recent efforts in this direction had been focused on the use of Langmuir-Blodgett (LB) thin film growth [7] or, as an alternative, on the development of layer-by-layer (LbL) deposition technique utilizing an alternate absorption of cationic and anionic polyelectrolytes on a flat substrate [8] . However, despite the fact that WGMs resonators usually show higher quality factor (Q-factor) than planar cavities, the integration of nanometer-thick film of J-aggregates with spherical microcavities and demonstration of WGMs with high Q-factor remained a challenge till very recently [9] .
EXPERIMENTAL DETAILS
-benzimidazolium hydroxide, inner salt, sodium salt (DDBC) was purchased from FEW Chemicals GmbH. Polyethyleneimine (PEI) was obtained from Sigma-Aldrich. Melamine formaldehyde (MF) latex microspheres of 11.93 μm in diameter were purchased from Microparticles GmbH. Cary 50 (Varian) and FP6600 (Jasco) were used to measure the absorption and PL spectra, respectively. Confocal Raman microscopy setup (Alpha300, WITec: 600 mm −1 grating, > 3 cm −1 spectral resolution) was used to measure micro-PL spectra. A continuous wave laser emitting at 532 nm was used in the micro-PL. Time resolved PL decays were measured using a PicoQuant Microtime200 time resolved confocal microscope system.
RECENT RESULTS AND DISCUSSION

Formation of J-aggregates triggered by polyelectrolyte
At high concentrations in aqueous solution the DDBC dye can form J-aggregates even without the addition of salts or polyelectrolyte. However in this case the dilution of the solution containing J-aggregates results in disappearance of the J-band. To enhance a stability of J-aggregates we took an advantage of the electrostatic interaction between anionic polyelectrolyte (PEI) and cationic dye molecules of DDBC. In this mixed system electrostatic interaction stimulates preferential alignment of strongly polarized dye monomers, which is the crucial step towards further aggregation. The absorption spectrum of DDBC in monomeric state (Fig. 1) is dominated by a peak centered at 513 nm and followed by a shoulder at 481 nm. The addition of PEI into this sample considerably changes the absorption spectrum with the appearance of a strong and narrow absorption band at 588 nm (J-band). Such a modification is the spectral signature of the formation of J-aggregates. The monomeric DDBC has very low luminescence quantum yield (Φ m = 0.02), with the Stokes shift between an absorption and PL maxima of 16 nm. In contrast, the J-aggregates exhibit a narrow absorption and strong fluorescence band with quantum yield Φ J = 0.14 and Stokes shift between them of only 3 nm (Fig. 1) . The observed spectral shift of the J-band with respect to the monomer peak (ΔE = 308.6 meV) is the direct result of the splitting of the exciton state of the monomer upon aggregation. The value of this shift can further be used to roughly estimate the delocalization length of the excitons in J-aggregates, which can be obtained from [10] :
This equation expresses N d through the half-width at half maximum W of the aggregate peak in the absorption spectrum and the value of the splitting of the monomer absorption band upon aggregation or, in other words, the energy of exciton coupling of dye molecules in J-aggregate (J ex ). The value of J ex is related to the spectral shift ΔE as [11] :
where E m is the energy of the monomer main transition. Last equation gives the value of the exciton coupling energy J ex = 164.1 meV which is 6 times higher than room temperature thermal motion energy. Band deconvolution analysis of the absorption spectra yields 8 nm as W-value of the J-band. With this value and using Eq. (1) and (2) we find N d ≈ 11 as a lower bound for the average number of the aggregated DDBC molecules over which the exciton wavefunction is delocalized. One of the remarkable features of Frenkel exciton system in J-aggregates is that the coupling of the optical transitions of the molecules constituting an aggregate also results in the enhancement of the radiative rate, a phenomenon usually referred to as an exciton superradiance [12] . Aggregates of DDBC molecules are highly luminescent (demonstrating 7 times increase in quantum yield as compared to nonaggregated dye) and even with a relatively small value of the delocalization length obtained from the analysis of the absorption spectra, we can expect corresponding modification of the emission lifetime of J-aggregates when compared with that of a solution of single DDBC molecules. Typical changes in the PL decay of DDBC due to the aggregation are presented in Fig. 2a , demonstrating shortening of the PL lifetime in J-aggregates. To obtain a quantitative data, the decay curves were deconvoluted using a multiexponential function:
where τ i are the PL decay lifetimes and α i are the corresponding pre-exponential factors, taking into account the normalization of the initial point in the decay to unity. The τ i and α i values obtained from the fit were then used to calculate the average lifetime τ av using the following equation:
It is found that the kinetics of the photoluminescence decay for both DDBC monomers and J-aggregates are two-exponential with the characteristic decay time in the range from 100 to 400 of picoseconds (Table 1 ). Multiexponential PL decay is often observed in J-aggregates of cyanine dyes [9, 13] , and can be explained in terms of a distribution of exciton delocalization lengths in the sample [13] or by contribution of indirect excitation process [14] . Shortening of PL lifetimes upon aggregation (Fig. 2a, Table 1 ) is related to the change in the aggregate radiative lifetime τ J rad = τ J /Φ J as compared to that of the monomer τ m rad = τ m /Φ m (where τ m and τ J are experimentally determined PL lifetimes) . Taking into account the possibility of dilution of the oscillator strength over many levels in the exciton band [15] , the ratio of radiative lifetime of the monomer to that of J-aggregates is expected to be proportional to the exciton coherence domain. Using data presented in Table 1 the exciton coherence domain in J-aggregates was estimated to be N d ~ 9. This value agrees reasonably well with the value of delocalization length obtained from analysis of the absorption spectra.
Our intensity fluctuation studies also revealed the formation of a more complex super-structures consisting of J-aggregates. Figure 2b shows the PL bursts distribution recorded over 3-minutes period. Along with the small bursts (amplitudes below 20 counts) recorded from freely diffusing J-aggregates we also observed very strong peaks (amplitudes above 50 counts) which are caused by bigger free-floating superstructured aggregates. With PL lifetimes characteristic of J-aggregates, these superstructures show very bright photoluminescence as can be seen from wide field scanning imaging experiment (Fig. 2c) .
Coupling J-aggregate emission to WGM cavity
It was recently suggested that the emission of the aggregated cyanine dye can be further enhanced by coupling to WGMs microcavity [9] when the emitter (shell of J-aggregates) is placed just at the rim of the spherical WGMs microresonator, where the resonant electromagnetic field reaches its maximum. Because the visibility of WGMs strongly depends on relative difference in the refractive index of the microcavity and the environment, MF microspheres of 11.93 μm in diameter and with high refractive index (n r =1.68) were used in our experiments.
The size of the MF spheres was dictated by the specific requirements for an optimal excitation conditions, such as the laser wavelength matching to one of the WGMs frequencies and thus achieving good correlation between the WGMs and the laser linewidths. Also the wide separation of WGMs in spheres of this size allows us to avoid intricate mode mixing in the PL spectra and apply a well-known theoretical approach to the analysis of a mode structure. On the other hand, the refractive index of the film samples composed of similar J-aggregates is known to be higher than 3 at the resonance [16] . Instead of the commonly accepted chemical bonding of dye molecules to the surface of microspheres or the deposition of dye-doped sol-gel film, in our experiments MF microspheres were coated with DDBC utilizing the LbL assembly of the ultrathin films [17] , which provides better thickness control and quality for an optoelectronic applications than the films fabricated with other techniques [18] . The procedure was as follows. The microspheres originally possessing slightly positive surface charge were modified with the monolayers of negatively charged polyelectrolyte PIE following which the monolayer of DDBC dye in non-aggregated or aggregated state was added.
In contrast to the featureless PL band in the spectra of J-aggregates ( Fig. 1) , the emission spectrum of a single MF/J-aggregate microsphere exhibits very sharp periodic structure (Fig. 3) . The observed peak structure is a result of the coupling of the electronic states in J-aggregates and the photon states of the microsphere. The spectral positions and spacing between WGMs peaks are determined by the size and refractive index of the microsphere while spectral intensity distribution depends on the optical parameters of J-aggregates.
Figure 3: (a) PL spectrum from a single MF microsphere covered by a monolayer of J-aggregates. Inserts show the results of mode identification using Eq. (1). Green and red squares indicate TM and TE modes of first order, respectively; (b) Estimated quality factors for WGMs presented in panel (a).
The modes in the spectrum in Fig. 3 in the spectral region above 570 nm are arranged in pairs of two pronounced peaks where the transverse electric (TE) mode corresponds to the peak with higher intensity and the transverse magnetic (TM) mode to the smaller peak. This was confirmed by polarization experiments in which the polarizer was inserted in the path of the optical beam in front of the detection system, selecting only PL signals with the component of the emitted field parallel to the polarizer. The experimentally obtained mode polarizations were verified by the calculation of spectral positions of WGMs of different polarizations using the asymptotic formula (Eq. 5) derived by Lam et al. [19] and good agreement was obtained.
The dimensionless size parameter x relates sphere radius a to the wavelength in vacuum λ as: x = 2πa/λ. For a WGM with angular mode number l and radial mode number n, the resonance size parameter is denoted as x n l and can be expressed as where ν = l+1/2, n s is the refractive index of the sphere, m = n s /n e is the relative refraction index between the sphere and the environment with refraction index n e , p = 1 for TE modes, p = 1/m 2 for TM modes and α n is the n-th zero of the Airy function. Comparing the results of the calculations according to the equation Eq. (1) with the spectral positions of the WGM in experimental PL spectra we can identify the indices l and n. Results of this identification are shown in Fig. 3 .
The Lorentzian fit of the lineshape of WGMs allowed us to estimate the values of quality factors which turned out to be ranging between 800 and 1900 with the maximum Q value obtained for the TE 1 99 mode. It is noteworthy that the obtained values of Q-factors are most probably strongly underestimated due to the limited spectral resolution of the experimental setup. The procedure described above for WGM identification allowed us to reveal another feature of the spectra of a single microcavity integrated with J-aggregates -different spectral distribution of maximum intensities and quality factors of TE and TM WGM (Fig. 3) . Maximum in quality factor distribution of TE and TM modes (Fig. 3b) exactly matches the position of the maximum of PL band of J-aggregates in aqueous solution (Fig. 1) . This match provides a strong confirmation that J-aggregates are in both spectral and spatial resonance with the optical modes of the microcavity. Similar behavior have been reported for a number of other emitters attached to the spherical microcavities like dye molecules [20] , semiconductor quantum dots [21] or nano-diamonds containing nitrogen-vacancy centres [22] . In all cases the distribution of TE mode intensities follows this trend with TE modes of higher quality factor dominating over TM modes of the same order. In contrast, in our experiments, this trend holds true only in the spectral region where the absorption is small. Moving to the region of short-wavelengths where the absorption of J-aggregates is substantial (Fig. 1) , the initial domination of TE modes in terms of quality factors and maximum intensities is followed by stronger quenching and broadening in comparison with TM modes (spectral region below 580 nm in Fig. 3) .
According to the theory [23] , in case of homogeneous spherical cavity the intensity of TE modes of given order is slightly higher than the intensity of TM modes of the same order, which results from the difference in spatial confinement conditions with respect to the surface of a microsphere. However, it is well known that the WGM spectra depend very sensitively on the orientation and position of the light-emitting dipole [24] . If the dipole oscillates close to the rim of the microcavity in direction perpendicular to the microsphere surface, predominantly TM modes are excited. This is due to the fact, that only the TM modes have an electric field component in the radial direction. The dipole oscillation in the direction tangential to the microcavity surface, however, excites predominantly TE modes. Therefore TE modes will be preferentially excited by the electric field component of the attached emitter with preferential tangential orientation of the transition dipole moment. Assuming that the most likely arrangement of the monomers in DDBC J-aggregates is head-to-tail stacking of monomer molecules and taking into account the results of theoretical WGM identification (Fig. 3) , we can conclude that the electrostatic attachment method used in present work produces a nanoshell of J-aggregates linked via PE molecule spacer layer to the surface of microspheres with highly preferential tangential orientation. This alignment results in a very efficient coupling of J-aggregates emission into TE modes and in strong increase in TE mode intensities.
Head-to-tail aggregation of dye molecules implies that both absorption and PL transition dipoles of the J-band are oriented along the long axis of DDBC J-aggregates. Taking into account high value of the absorption coefficient at the peak of J-band and strong overlap of the absorption and PL bands we can attribute the observed inversion from TE mode dominant emission to TM mode dominant emission in WGM spectra to the effect of the cavity enhanced re-absorption. In this process, first-generation PL photons can be efficiently confined in TE modes of the cavity and absorbed by another J-aggregates resulting in the resonant quenching of these modes. This effect is resonant with respect to the absorption band of J-aggregates and therefore is negligible in longwavelength spectral region where the relative strengths of TE compare to TM modes reflect preferentially tangential orientation of the transition moment of J-aggregates.
FLIM images obtained by PL decays mapping of the isolated microspheres clearly shows the distribution of emitting monomeric DDBC dye molecules (Fig. 4a) and J-aggregates (Fig. 4b) over the microsphere cross section with the dominant emission at the rim of the microcavity. In the line with the two-exponential character of PL decay of DDBC monomers in aqueous solution (Fig. 2a, Table 1 ), corresponding PL lifetime histogram (Fig. 2c) shows lifetime distribution that consists of two maxima centered at 0.8 and 2.2 ns. These PL lifetimes are somewhat longer than partial PL lifetimes of monomeric dye molecules (Table 1 ) probably due to an energy transfer caused by an unspecific aggregation and structural defects in LbL film. Remarkably, film of DDBC J-aggregates deposited on the surface of the microcavity shows extremely short PL lifetime (Fig. 4c) which is very close to PL decay parameters obtained for aqueous solution of free floating J-aggregates (Table 1 ). Figure 5a demonstrates another striking property of spherical microcavities -the formation of directional emission beam with high intensity emerging from the shadow-side surface of the microsphere. Although image is blurred due aberrations, diffraction and scattering, narrow beam of high intensity and low divergence is clearly seen. We attribute this effect to the focusing of the incoming laser light by the microsphere which is working as a superlensing device [25] . The formation of a beam emerging from the MF microsphere (termed photonic jets) has been simulated by using Finite Element Method (Fig. 5b) which revealed that up to 9 times enhancement in beam intensity and up to 7 µm low-divergence propagation distance can be expected, for the size and refractive index contrast identical to our experimental conditions. 
Directional emission from WGM cavity with J-aggregates
CONCLUSIONS
In summary, the results presented in this work demonstrate the feasibility of the development of high-Q optical resonator consisting of the microsphere and fast-emitting composite shell. Using micro-PL microscopy we studied an optical spectra of the individual microcavities and demonstrated efficient coupling of J-aggregate emission and Whispering Gallery Modes of the microcavities. We used fluorescence lifetime imaging spectroscopy to study modification of spontaneous emission rate upon dye aggregation and in J-aggregates attached to the microcavity. We also demonstrated directional emission from WGM cavity and attributed it to the photonic jets generated in the microsphere. These results show that whispering gallery resonators with dye nanoaggregates can be used as micro-organic light-emitting and/or sensing devices.
